A model is described to predict the splat shape in plasma spray process. The results show that the impact process is comprised of spreading and recoil. The degree of spreading increases with Re 25; while spreading time is proportional to the ratio of the initial diameter to the impact speed. Under most conditions, simultaneous solidification plays a secondary role in arresting the spreading. Extension of the model to 3-dimensional situations and some preliminary results are also discussed.
INTRODUCTION
Plasma spray coating is concerned with the deposition of powdered inaterial onto substrates to fomi functionid coatings. Powders fed into the plasma are heated, melted, and acceleriited towards a substrate by the high temperature plasma to fomi dense coatings.
The produced coating is ultimately an agglomeration of individual droplets impacting over the substrate. Properties of the coating is largely determined by the thermodynamic state and velocity of the impacting particles, as well as the type of surface material and its preparation. The effect of the different plasma or other heat sources on the microstructure of the coatings is important because it determines the speed of the impacting particle as well as their thermodynamics state. Several investigators [ 1-31 have shown the sensitivity of the coatings microstructure to the shape and cooling rate of the splats.
Over the last 15 years, theoretical research in plasma spraying has been mainly focused on the particle heat and momentum transfer within the plasma. The heat transfer models, e.g., 141, predict the particle state up to the point of impact onto the substrate. They are not, however, designed to predict the dynamics of droplet impact and the splat shape.
Previous Work on DroDlet ImDact
When a molten droplet impacts onto a cold substrate, it spreads and simultaneously solidifies. Severnl simple analytical models have been developed by a number of researchers 14-91. These models predict the maximum spread of a droplet as a function of its impact conditions. Madjeski's approach, which is perhaps the most cited one, accounts for viscous energy dissipation, surface tension effects and simultaneous freezing of the splat. These models provide an estimate of the maximum degree of spread, but they fail to provide any information on recoil or dynamics of the spreading.
Development of it comprehensive model of droplet impact onto a surface of arbitrary shape requires the numerical solution of the 3-dimensional (3D) Navier-Stokes equations along with the energy equation. We note that a particular feature of this problem is that the shitpe of the impacting droplet with time must also be predicted.
The majority of numerical models have so f x been concerned with the normal impact of a droplet onto a flat surface 110-171. Under this condition, the problem becomes 2D and axisymmetric. Recently, Bussmanti et. al. extended their model to 3D, which allows consideration of droplet impact onto surfaces of arbitrary geometry I 18,191. In this paper wc describe a model that has been developed over the past five years at the University of Toronto's Plasmu Processing Luhorutory and discuss some of the important parameters affecting spreading and solidification of an impacting droplet.
MATHEMATICAL MODEL
For the normal impact of a completely molten droplet we assume: a) the flow and heat transfer are 2D, axisymmetric, incompressible and laminar; b) heat transfer from the free surface is negligible compared with the heat transfer to the substrate; and c) negligible shear at the free surface.
In problems involving free surface flows, we need to predict the deformation of the surface versus time. This would be achieved by using the VOF (volume-of-fluid) method 120, 21 J; where the Eulerian computational domain is divided into a number of cells and the governing partial equations are approximated by finite-difference equations. We define a scalar variable field, F ( r , t ) , whose value is unity in the cells fully occupied by the liquid; and is zero when the cell is empty. Cells containing a free surface will have a value of F between zero and unity. Because of the solidification of the molten material, we also need to define a second scalar field, O( r , t ) , to describe the solidified region. 0 is assigned, arbitrarily, equal to unity in a fully liquid cell and is zero in the solidified cells. Any value between zero and unity indicates the presence of a liquid-solid interphase.
The governing equations for mass, momentum, and energy in their time-dependent form are as follows 1121: 
All symbols are defined in the nomenclature section. As observed from the definition in Eqn. ( S ) , the last term in Eqn (4) is non-zero only in the intephase zone. Note that within the solidified layer and the substrate, the velocity is zero and the energy equation is reduced to the heat conduction equation.
Initial and Boundarv Conditions
Initial impact velocity, particle diameter and temperature, substrate temperature, and VOF data are prescribed. Substrate temperature far away from the impact area is assumed to be constant, while there is a pressure jump at the free surface described by the Laplace equation 1 1 I I. The gas pressure surrounding the droplet is assumed to be uniform. An important boundary condition here is the contact angle between the spreading liquid and the substrate. Its magnitude depends on the system under consideration (substrate, droplet, and the surrounding gas). It may also depend on time. Figure 2 shows the spreading and solidification of a 50 ym alumina with an initial temperature of 2.550 K and an impact velocity of 50 m/s ( Fig. 1-a) or 200 m/s (Fig. 1-b) . A constant contact angle of 90 degrees was assumed; thermal contact resistance was assigned zero. Initially, the droplet spreads to a maximum splat diameter. Once the inertia of the droplet is diminished, surface tension forces the splat to recoil. Spreading and recoil are basic features of any droplet impact and the extent of maximum spread and recoil depend on the niagnitude of Rcynolds (Re) and Weher (We) numbers, respectively. The spreading time is almost inversely proportional to the impact velocity. Hence, the time for spreading of the 200 n7/s droplet is 4 times shorter than the 50 ni/s case.
RESULTS AND DISCUSSION
Effect of solidification on the spreading was negligible (see Fig. 1 (Fig. 1-b ), We=I1305 and Rc=975; while for the SO mls case (Fig 1-a) We=705, Re=245; which satisfy this criterion. In general, the above condition is satisfied for thermal plasma spray process. This is a very important t I t (ms> FIGURE! 2. Comparison of (a) the predicted spread factor, 5; and, (b) temperature at the impact point with measurements for a tin droplet; 2.1 mm diameter; 240°C initial temperature; 150°C substrate temperature [12] .
result: sincc it implies that the exact knowledge of contact angle is not necessary in order to make accuratc predictions of the splat shapes. Because of the variety in powders and substrate nuterials used in spraying, information oii the coiitiict angles is scarce.
Oiie of the most important factors affecting the solidification i s the substrate surface conditions. For better bonding, the substrate is grid hlnsted before spraying. This leads to the presence ofii therrnal contact resistance between the splat and the substrate. Its effect is to deliby the solidificatioii process. Contact resistance is d any particular c:isc, however, ir could be estimated by coiriparirig measured temporal evolution of the spread factor with predictions obtained asstiming different coiitact resistance between the substrate and the splat [ 101.
Figure 2-a hliows the effect of coiit:tct resktancc on the spread factor for a tin droplet with an initial tenipt.r;rttire of240 C; substrate (stainless steel) tenipcratore of 150 C; and initial diameter of 2.1 iiim. To predict the structure of coatings, e.g., porosity, it is necessary to extend the model to 3-D. Such a model would allow predictions of the splat shape on any arbitrary surface.
The extension of the model to 3-D has been started and a 3-D fluid dynamic model (without heat transfer) has been accomplished 118, 191. Figure 3 shows the predictions of this model for an alumina droplet impacting onto an edge. Implementation of a solidification model is currently underway. Future work should also include the study of undercooling effects and non-equilibrium rapid solidification [ 231. 
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